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Introduction
============

Several distinct endocytic processes provide access to the interior of eukaryotic cells, but the major and best-characterized portal is the clathrin-coated vesicle ([@bib9]). Local recruitment and self-association of soluble clathrin molecules at the membrane generates a polygonal clathrin lattice, which quickly progresses into a deeply invaginated bud before detaching into the cytosol. Thus, acting as a mechanical scaffold, the clathrin coat deforms the surface membrane into vesicles containing transmembrane proteins, bound ligands and a small volume of extracellular fluid. Sites of clathrin assembly on the plasma membrane also contain the heterotetrameric AP-2 adaptor protein complex ([@bib4]; [@bib2]). The evidence for AP-2 participating in cargo selection is now incontrovertible, yet fails to account for the full diversity of molecules clustered into endocytic clathrin coats. This review focuses on recent results suggesting that a group of cargo-selective alternate adaptors cooperate with AP-2 to ensure noncompetitive endocytosis of a variety of cargo molecules from the cell surface

AP-2 adaptor--dependent sorting
===============================

In membrane traffic, the term adaptor generally defines a class of proteins able to physically connect cargo molecules with the polymeric components of the coat ([@bib55]; [@bib2]). Adaptors account for the selectivity of vesicular transport as they favor enrichment of select cargo proteins within the forming vesicle. AP-2 was the first adaptor and still holds center stage in models of clathrin-dependent endocytosis. The AP-2 heterotetramer is composed of two large (α and β2, ∼100 kD), one medium (μ2, 50 kD), and one small (σ2, 17 kD) subunit ([Fig. 1](#fig1){ref-type="fig"}). Three of the subunits participate directly in clathrin coat assembly. The NH~2~ terminus of the α subunit binds to phosphatidylinositol 4,5-bisphosphate (PtdIns\[4,5\]P~2~), positioning AP-2 on the membrane ([@bib16]; [@bib6]), whereas the globular COOH-terminal α appendage acts as a recruitment platform for a large number of so-called endocytic accessory proteins ([@bib52]). The structurally related β2-subunit appendage shares some binding partners with the α appendage and, with the adjacent flexible hinge harboring a clathrin-binding sequence (termed the clathrin box), binds to the terminal domain of the clathrin heavy chain promoting lattice assembly ([@bib46]; [@bib4]). Transmembrane cargo proteins are bound directly by the μ2 subunit ([@bib42]), which also binds PtdIns(4,5)P~2~ ([@bib6]; [@bib48]). The role of the σ2 subunit appears to be principally structural ([@bib6]).

![**The endocytic adaptor interaction web**. A schematic representation of the protein--protein interactions possible between clathrin, AP-2, and alternate endocytic adaptors. The sorting signal or putative cargo types recognized by the different adaptors are boxed in black. PtdIns(4,5)P~2~-binding sites are indicated by the spherical gray attachments. AP-2 is modeled on the known molecular architecture of the core and appendages, but the different proteins are not to scale. pGPCR, phosphorylated G protein--coupled receptor; AMPA-R, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor.](200309175f1){#fig1}

Transmembrane proteins require an internalization signal for rapid endocytosis. Several signals are known, and AP-2 engages the YXXØ (where X is any amino acid and Ø is a bulky hydrophobic residue) and \[DE\]XXXL\[LI\] dileucine signals ([@bib3]). The ^20^YTRF sequence in the cytosolic domain of the transferrin receptor (TfR) is a typical YXXØ motif, and protein chimeras show this motif is both autonomous and transplantable. Consequently, the TfR is widely used as a marker for this type of sorting signal. YXXØ signals bind physically to the μ2 subunit ([@bib42]), and cocrystals of the μ2 β-sandwich domain complexed with several YXXØ peptides explain the critical role of the anchor Tyr and the ability of μ2 to accommodate various hydrophobic residues at the Ø position ([@bib45]). Yet, until recently, it was not clear why AP-2 does not bind cytosolic YXXØ signals in proteins located elsewhere in the cell. AP-2 cycles onto and off the membrane and, in the cytosolic state, the YXXØ binding surface is inaccessible; the structure of the adaptor core shows the μ2 β-sandwich domain is packed too closely to the adjacent adaptor β2 subunit to allow unhindered access ([@bib6]). Phosphorylation of ^156^Thr, a residue located within a disordered loop adjacent to the β-sandwich region that engages the YXXØ motif, drives a conformational change in μ2 that increases the apparent affinity of AP-2 for YXXØ sequences ∼25-fold ([@bib47]). Accordingly, a T156A mutation inhibits TfR uptake but the mutant AP-2 adaptor is still correctly recruited to the plasma membrane ([@bib43]). Likewise, a μ2 D176A/W421A mutant that can be phosphorylated but cannot engage the YXXØ motif still localizes to the cell surface ([@bib39]). This shows that AP-2 recruitment to the cell surface is not governed by cargo interactions.

^156^Thr is phosphorylated by adaptor-associated kinase 1 (AAK1) ([@bib7]), a member of the Ark family of protein kinases. ^156^Thr lies within a sequence tract ^150^ITSQV**T**G, in good agreement with the LXX\[TQ\]XTG consensus recognized by the *S. cerevisiae* Ark family kinases ([@bib20]). AAK1 appears to recognize AP-2 by first binding to the α appendage that projects from the heterotetrameric adaptor core ([Fig. 1](#fig1){ref-type="fig"}) ([@bib7]). How then is ^156^Thr phosphorylation confined to AP-2 at the membrane? In answer, it has just been found that clathrin maximizes μ2 kinase activity ([@bib10]; [@bib25], in this issue). AAK1 activation by assembled clathrin apparently involves multiple contacts between the kinase and the clathrin heavy and light chains ([@bib10]), and this engagement may displace a putative pseudosubstrate ^846^LVNQSLG sequence at the COOH terminus of AAK1 to promote ^156^Thr phosphorylation ([@bib25]). The experimental confirmation that ^156^Thr-phosphorylated AP-2 is largely confined to the plasma membrane and the potentiating effect of clathrin on kinase activity provides an elegant affinity-modulation model to explain precise YXXØ cargo capture only at clathrin bud sites ([@bib25]).

AP-2--independent sorting
=========================

One surprising conclusion from the crystallographic studies on the μ2 subunit is that the first internalization sequence identified, ^802^FDNPVY within the cytosolic domain of the low density lipoprotein receptor (LDLR), is structurally incompatible with the YXXØ interaction surface ([@bib45]). The FXNPXY motif differs from the YXXØ type in that it adopts a type-I β-turn conformation and the terminal Tyr residue can be substituted with Phe with no loss of activity. Overexpression studies show clearly that saturating YXXØ-driven endocytosis has no effect on the kinetics of uptake of either FXNPXY- or \[DE\]XXXL\[LI\]-harboring proteins ([@bib30]; [@bib54]). To explain these surprising results, discrete but unidentified intermediate connector proteins were postulated to oversee the recognition and internalization of the LDLR (and EGF receptor \[EGFR\]) ([@bib54]). There is also good genetic evidence for the existence of connector proteins. Autosomal recessive hypercholesterolemia (ARH) patients have a clinical phenotype almost indistinguishable from familial hypercholesterolemia but have normal *LDLR* alleles ([@bib41]). Linkage analysis fails to reveal defects in clathrin heavy and light chain or AP-2 subunit genes in these individuals ([@bib13]), and sequence analysis of patient μ2 cDNAs shows no abnormalities ([@bib41]). In these patients then, a normal LDLR fails to internalize properly from the sinusoidal surface of the hepatocyte, despite apparently normal AP-2. Again, alternate sorting adaptors were invoked ([@bib41]; [@bib13]).

Now, elegant work using siRNA to ablate AP-2 in HeLa cells shows that the LDLR and EGFR can still use clathrin-mediated endocytosis to enter the cell when AP-2 activity is compromised. Knock down of the clathrin heavy chain effectively eliminates uptake of TfR, EGFR, and a LDLR FDNPVY-sequence reporter, but silencing of either the μ2 or α subunit of AP-2 selectively depresses only TfR endocytosis ([@bib38]). AP-2 disruption leads to ∼10-fold fewer clathrin coats at the surface but those that are present are morphologically normal. Thus, other proteins must be able to recruit clathrin, select cargo, and promote proper vesicle assembly. A concurrent siRNA study also finds that TfR uptake is suppressed by both clathrin heavy chain and AP-2 α subunit knock down ([@bib22]). But, although clathrin depletion did not perturb the AP-2 distribution grossly, AP-2 knock down abolished clathrin localization to the plasma membrane. Still, EGFR uptake proceeds normally ([@bib22]). The discordance may be due to the different clathrin antibodies used in the two studies, as both groups find clathrin-coated structures at the cell surface after AP-2 silencing, albeit at low frequency. The EGFR also rapidly saturates the clathrin-dependent internalization pathway ([@bib54]; [@bib26]) and switches to macropinocytic internalization from dynamic membrane ruffles upon activation with higher EGF concentrations ([@bib56]). The macropinocytic route is spatially distinct from the TfR-positive clathrin-dependent pathway ([@bib56]), and varies between different cultured cells ([@bib26]), so macropinocytosis could still facilitate EGFR uptake in the face of complete clathrin incapacitation at the cell surface.

An alternative approach, using viral-mediated overexpression of AAK1 to interrupt AP-2 function, also shows that EGFR uptake is clearly independent of AP-2 ([@bib8]). In cells containing excessive levels of AAK1, AP-2 becomes mislocalized, no longer clustering in characteristic random spots at the cell surface, despite proper clathrin placement in puncta throughout the cell. The AAK1 overexpressors, which do not internalize Tf, endocytose EGF efficiently ([@bib8]). In fact, the seminal observation that heterotetrameric adaptors are not necessary to sustain clathrin coat assembly or sorting was actually made in yeast several years ago ([@bib24]; [@bib57]). The congruence of all these independent investigations leaves little doubt that alternate adaptors participate in garnering cargo into the clathrin bud site.

Alternate clathrin adaptors
===========================

The arrestins.
--------------

There is already a well-accepted precedent for alternate sorting adaptors in mammalian cells: β-arrestin 1 and 2 ([@bib5]; [@bib29]). Within seconds of agonist application, diffuse cytosolic β-arrestin 2--GFP concentrates at preexisting sites of clathrin assembly, guiding activated G protein--coupled receptors (GPCRs) into the cell ([@bib49]). The capability of the β-arrestins to mesh stimulated GPCRs with the clathrin machinery depends on four functional attributes; the ability to engage the phosphorylated cargo receptor, a capacity to bind to PtdIns(4,5)P~2~ ([@bib17]), and the ability to bind physically to both clathrin and AP-2 ([@bib5]; [@bib29]) ([Fig. 1](#fig1){ref-type="fig"}). The concerted effect of these interactions promotes rapid endocytosis, and impairing any one leads to defects in GPCR internalization, as does either β-arrestin gene disruption or RNAi silencing ([@bib5]; [@bib29]). A clathrin box and an AP-2 appendage-binding determinant are tandemly arrayed at the COOH terminus of β-arrestin, an ordered region that becomes unstructured upon binding activated GPCRs ([@bib32]). Remarkably, several known endocytic components, previously termed accessory factors ([@bib52]), display these same four functional attributes and now represent candidate monomeric adaptors.

ARH, Disabled-2, and numb.
--------------------------

Three lines of evidence point to the phosphotyrosine-binding (PTB) domain playing a vital role in FXNPXY signal recognition. First, the PTB domain specifically recognizes an FXNPXpY sequence, but PTB is actually a misnomer as many PTB domains have a higher selectivity for the nonphosphorylated FXNPXY sequence ([@bib23]; [@bib36]). Second, characterization of the genetic lesion in ARH patients reveals that a novel PTB domain adaptor, termed ARH, is necessary for LDLR endocytosis in hepatocytes, lymphocytes, and macrophages ([@bib18]; [@bib14]). The pivotal role of ARH in facilitating LDL uptake is plainly demonstrated by phenotypic rescue of ARH-patient lymphoblasts expressing retrovirally introduced ARH ([@bib14]). In line with this, hepatocytes of ARH^−/−^ mice accumulate the LDLR at the sinusoidal surface ([@bib27]). Third, Disabled-1 (Dab1), a protein that regulates cortical lamination in the brain, uses a PTB domain to bind to the FXNPXY motifs in two LDLR family members, the VLDL and apoER2 receptors ([@bib21]). The Dab1 PTB domain is 65% identical to Dab2, a related protein that, at steady-state, colocalizes extremely well with AP-2 and clathrin ([@bib34]; [@bib36]). A vexing but consistent finding is that fibroblasts derived from ARH patients have normal LDLR activity ([@bib18]; [@bib14]). This may reflect functional redundancy with another PTB domain protein(s), possibly Dab2. In mice, Dab2 gene disruption is lethal, but conditional knock out in the embryo leads to viable animals that excrete proteins normally recovered in the kidney by the scavenger receptor megalin, another LDLR family member ([@bib37]). The Dab2^−/−^ proteinuria is reminiscent of but milder than that seen in megalin^−/−^ mice. This suggests that Dab2 plays an important role in the endocytic retrieval of filtered protein in the nephron.

The Dab1/2 and ARH PTB modules represent a distinct subset of PTB domains that also includes the endocytic protein numb ([@bib50]; [@bib1]). Crystal structures of the Dab1/2 PTB domains confirm that the FXNPXY motif binds in a β-turn conformation and explains why a Phe but not pTyr can replace the terminal Tyr residue ([@bib53]; [@bib58]). Furthermore, the PTB module is structurally related to the pleckstrin homology domain and, importantly, the Dab1/2, ARH, and numb PTB domains all bind PtdIns(4,5)P~2~ ([@bib11]; [@bib23]; [@bib34],[@bib35]). This allows these PTB domains to bind to the plasma membrane and an internalization sequence simultaneously. Indeed, overexpression of a tandem Dab2 PTB fusion selectively abolishes LDLR internalization without affecting TfR uptake ([@bib35]).

Outside of the PTB domain, the COOH-terminal segments of ARH, Dab2, and numb are predicted to be disordered and, like β-arrestin, contain adjacent clathrin box and/or AP-2 appendage-binding sequences. ([@bib50]; [@bib36]; [@bib19]; [@bib34],[@bib35]) ([Fig. 1](#fig1){ref-type="fig"}). The *Xenopus* ARH orthologue requires these determinants to drive the internalization of the vitellogenin receptor, an FXNPXY-containing member of the LDLR family ([@bib59]). And in *Drosophila* there is strong genetic evidence for an endocytic role for Numb and clear binary Numb--AP-2 interactions ([@bib1]). So, like β-arrestins, the PTB adaptors can bind cargo, PtdIns(4,5)P~2~, the clathrin terminal domain, and AP-2 ([Fig. 1](#fig1){ref-type="fig"}).

The epsin superfamily.
----------------------

A second group of putative alternate adaptors includes epsin 1, AP180/CALM, and HIP1/Hip1R ([@bib55]). These proteins contain a structurally related NH~2~-terminal PtdIns(4,5)P~2~-binding domain (the ENTH/ANTH domain) ([@bib15]) and all bind to and colocalize with AP-2/clathrin, and, in each case, plausible cargo molecules can be assigned ([Fig. 1](#fig1){ref-type="fig"}). The case for epsin has recently been reviewed ([@bib55]), where ubiquitin interaction motifs (UIMs) allow ubiquitin recognition. Ubiquitination is the principal internalization signal in *S. cerevisiae* and the yeast epsins, Ent1p and Ent2p, use embedded UIMs to promote rapid endocytosis ([@bib51]). Mutant alleles of *Liquid facets*, the *Drosophila* epsin, prevent internalization of the transmembrane Notch ligand Delta in compound eye progenitors and, consequently, severely malformed eyes develop ([@bib44]). The ubiquitin connection comes from the fact that ubiquitination of Delta by the RING E3 ubiquitin ligase Neuralized is necessary for Delta endocytosis ([@bib28]). In mammals, epsin UIMs may operate similarly where, for example, the EGFR is multiply monoubiquitinated upon ligand binding. However, the wide array of components ubiquitinated upon EGFR activation complicates the interpretation of many studies, as does the fact that the EGFR has a YXXØ internalization sequence. Both AP180 and HIP1 lack UIMs but, intriguingly, UNC-11, the *C. elegans* AP180 orthologue, may participate in the sorting of synaptobrevin. Genetic disruption of the *UNC-11* gene leads to selective missorting of this v-SNARE at the presynaptic plasma membrane ([@bib40]). Finally, GluR1-containing AMPA receptor endocytosis is defective in neurons from HIP1^−/−^ mice ([@bib31]). For these proteins the molecular basis for cargo recognition is unknown but the similarity between the ANTH domain and another cargo recognition module, the VHS domain, is highly suggestive. The ability of the epsin ENTH domain alone to rescue epsin deletions in both yeast and flies also hints at additional roles for this domain ([@bib44]).

Perspective
===========

Recent progress makes it clear that alternate endocytic adaptors display grossly similar properties that enable them to perform the fundamental tasks required of an adaptor: cargo recognition and coat assembly ([@bib55]; [@bib2]). Despite little overall sequence identity, all have clathrin box and/or AP-2 interaction sequences that govern associations with the clathrin heavy chain and the AP-2 adaptor appendages ([Fig. 1](#fig1){ref-type="fig"}). Another unifying architectural theme is an NH~2~-terminal lipid-binding module in an otherwise largely unfolded polypeptide ideally suited to presentation of short protein--protein interaction motifs. All are able to engage PtdIns(4,5)P~2~, favoring plasma membrane localization although, in each case, the precise mode of PtdIns(4,5)P~2~ binding is different. Nonetheless, on a PtdIns(4,5)P~2~-containing membrane in vitro, AP180, epsin, Dab2, and HIP1 each can collaborate with AP-2 to promote optimal clathrin recruitment and assembly ([@bib15]; [@bib33], [@bib34]). This is significant because the surface density of clathrin coats in AP-2--deficient cells is \<10% of normal ([@bib38]). So, although the alternate monomeric adaptors can apparently sustain endocytic uptake of certain receptors in the absence of AP-2, optimal coat assembly and trafficking evidently requires AP-2. This is readily apparent in *Drosophila*, where some α-subunit mutations are lethal and α-appendage mutant alleles phenocopy certain *numb* mutants, but AP-2 clearly acts downstream of Numb ([@bib1]).

Dab2, epsin 1, and CALM populate common clathrin structures at the cell surface, indicating that these adaptors expand the sorting repertoire of the coat rather than generating separate classes of transport vesicle. The biologic utility of a diverse cargo recognition machinery is highlighted by elegant *Drosophila* studies. Endocytosis is not simply about nutrition and cellular homeostasis but is also fundamental to whole developmental programs. There are times during ontogeny when cells require decisive clearance of certain receptors from the surface, or inappropriate specification of cell fate ensues ([@bib1]; [@bib44]). Multiple adaptors can provide the plasticity to allow precise temporal control even in the face of high traffic volumes. Next, it will be vital to learn whether cargo engagement by alternate adaptors is as strictly regulated as in AP-2. Nevertheless, further characterization of the alternate adaptors promises to provide a complete molecular explanation for the capture of the whole repertoire of cargo at the clathrin bud, and functionally similar proteins appear to act at clathrin bud sites on the trans-Golgi network as well ([@bib12]).
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